C alcium and bone homeostasis require a precise coupled balance between the opposing activities of cells that produce calcified bone matrix (osteoblasts) and those that degrade it (osteoclasts). Osteoblasts are mesenchymal bone-forming cells that undergo sequential differentiation, ultimately giving rise to mature cells that produce and mineralize bone matrix (1) . The molecular and cellular mechanisms driving osteoblast differentiation and mineralization in vivo are incompletely understood and this deficiency is translated to our limited ability to clinically manipulate bone formation.
Several lines of evidence motivated us to investigate the potential contribution of macrophages to bone physiology. First, macrophages are closely related to bone-resorbing osteoclasts and share a dependence on the lineage-specific growth factor CSF-1 (2) . Although inflammatory macrophages are well acknowledged for their roles in immunity and chronic inflammation, it is less widely recognized that there are populations of resident tissue macrophages present in most tissues throughout development and adulthood (e.g., alveolar macrophages and Kupffer cells (3)). These resident macrophages undergo tissue-specific adaptation and contribute to ongoing physiological processes and tissue repair (4) . Murine tissue macrophages are routinely identified using the F4/80 Ag that is expressed by most mature tissue macrophages but not other closely related cells, including osteoclasts (5) . F4/80 ϩ macrophages have been found to be associated with bone surfaces (6) , but their frequency, distribution, and tissue-specific functional contributions have not been explored. Given the key roles of macrophages in other tissues, including trophic functions (7) , their presence in osteal tissues raises the question of whether macrophages are a third player in bone homeostasis and turnover.
Second, osteoblasts have been extensively studied using primary cells isolated from neonatal rodent calvaria (8) that are differentiated in vitro using a combination of ascorbic acid and ␤-glycerophosphate (9) . Calvarial osteoblast preparations are morphologically heterogeneous (10) , but their reported phenotypes and functions are generally attributed to the osteoblast component of these cell preparations. This includes macrophage-related functions such as phagocytosis (11) , detection of bacterial products (12) , and Ag presentation (11) . As studies of long-term primary cultures from ovary have been demonstrated to contain a selfreplicating monocyte-macrophage population (13) , and macrophages are located within the bone microenvironment (6), we considered the possibility that macrophages are coisolated and maintained in primary osteoblast cultures.
In this study, we systematically analyzed the presence and distribution of macrophages on mouse and human bone surfaces in situ and their presence in primary calvarial osteoblast preparations. We also investigated the possibility that macrophages, and not osteoblasts, are the cells within primary osteoblast cultures that respond to the bacterial product LPS. Finally, we tested the ability of macrophages to influence osteoblast differentiation and mineralization in vitro and in vivo. Taken together, the data indicate that macrophages are key participants, alongside osteoclasts and osteoblasts, in bone homeostasis and dynamics.
Materials and Methods

Animals
C57BL/6 and MacGreen mice (14) , backcrossed for six generations to the C57BL/6 background, were maintained in a specific pathogen-free facility. MAFIA-transgenic mice were a generous gift from Prof. D. Cohen (Department of Microbiology, Immunology and Molecular Genetics, University of Kentucky, Lexington, KY) and were maintained in a quarantine facility. The University of Queensland Molecular Biosciences Ethics Committee approved all animal protocols.
Tissue collection
For murine tissues, 4-wk-old C57BL/6 left hind limbs were dissected, extraneous soft tissue was removed before overnight fixation in 4% paraformaldehyde (PFA) 4 at 4°C and subsequently decalcified for 2 wk in 14% EDTA (pH 7.2). For human tissues, a 10-mm tube saw bone biopsy was obtained from the intertrochanteric region of the proximal femur, distal to the active site of disease, from 12 individuals undergoing total hip arthroplasty surgery for primary osteoarthritis (OA). Tissues were collected from six male and six female donors, with a median age of 65.5 years. Ethical approval was obtained from both the University of Queensland Medical Research Ethics Committee and Research Ethics Committee Royal Adelaide Hospital. Fresh surgical intertrochanteric bone specimens were fixed in 4% PFA overnight at 4°C and decalcified in 15% EDTA/4% PFA for up to 4 wk. Radiography was used to monitor the decalcification process. Once decalcified, all specimens were processed for paraffin embedding and 5-m sections were cut on a rotary microtome and placed on SuperFrost Plus or Ultra Plus slides (Menzel-Glaser).
Immunohistochemistry and immunocytochemistry
In mouse tissues, expression of F4/80 (rat anti-mouse; AbD Serotec), collagen type I (rabbit anti-mouse; U.S. Biological) and osteocalcin (rabbit anti-mouse; Alexis Biochemicals) were examined in serial sections. Anti-CD68 (mouse anti-human; DakoCytomation) staining was performed in human tissues. Sections were deparaffinized and rehydrated followed by Ag retrieval. This was achieved in mouse tissues using 0.37% trypsin (Biocare Medical) for 10 min and in human tissues using heat retrieval in 10 mM EDTA (pH 7.5). Cells grown on chamber slides were fixed with 4% PFA for 30 min. Immunostaining was performed using an immunoperoxidase technique with diaminobenzidine (DakoCytomation) as the chromogen. TBS was used for dilutions and washes between each step. Briefly, sections were incubated in serum block for 60 min (10% FCS (Invitrogen) plus 10% normal goat serum or 10% normal rabbit serum (AbD Serotec)), followed by specific primary Ab or isotype-matched control Ab (60 min). Each of the following incubations were for 30 min. Endogenous peroxidase activity was blocked using 3% H 2 O 2 . Sections were subsequently incubated with a biotinylated F(abЈ) 2 of species-matched secondary Ab: goat anti-rat, goat anti-rabbit (Santa Cruz Biotechnology) or rabbit anti-mouse (DakoCytomation) Ig followed by HRP-conjugated streptavidin (DakoCytomation). Diaminobenzidine was developed as per the manufacturer's instructions and all sections were counterstained with Mayer's hematoxylin (Sigma-Aldrich) and mounted using permanent mounting medium. Sections were examined using an Olympus BX-51 microscope with a DP-70 digital camera and DP controller imaging software (Olympus).
Confocal and epifluorescent microscopy imaging of osteal tissues
Visualization of endosteal macrophages was performed by confocal microscopy (Zeiss META inverted confocal microscope and LSM 510 software, version 3.2; Zeiss Germany) on cultured bone fragments collected from MacGreen mice. Bone fragments were fixed with 4% PFA and blocked in 5% FBS before incubation with anti-F4/80 Ab or isotype control rat IgG2b (AbD Serotec) followed by species-matched Alexa Fluor 594-conjugated secondary Ab (Molecular Probes and Invitrogen). Cells were permeabilized using Triton X-100 and nuclei were stained using DAPI (Roche Diagnostics). Results were examined by confocal microscopy. Visualization of periosteal macrophages was achieved by epifluorescent microscopy on MacGreen neonatal calvaria. The calvaria were dissected, fixed using 4% PFA, counterstained with DAPI, and visualized using an Olympus BX-51 epifluorescence light microscope with a DP-70 digital camera and DP controller imaging software (Olympus).
Isolation, differentiation, and enrichment of primary osteoblasts
Primary osteoblast cells were isolated by 10-min sequential digestion of 2-day-old neonatal C57BL/6 calvaria with 0.25 U/ml collagenase D (Roche Diagnostics) and 2.2 U/ml dispase (Invitrogen). Digest fractions 2-6 were pooled as unsorted calvarial osteoblasts. These cells were enriched with MACS technology using a mature hematopoietic lineage cell depletion kit supplemented with mouse CD11b microbeads (Miltenyi Biotec) according to the manufacturer's instructions. The depleted cells were also collected (termed bone macrophages) and the number of F4/80 ϩ cells was determined by flow cytometry. Osteoblasts were cultured in complete MEM supplemented with 10% heat-inactivated FBS, 20 U/ml penicillin, 20 g/ml streptomycin, and 2 mM L-glutamine (Invitrogen). In brief, 1.38 ϫ 10 4 or 6.9 ϫ 10 4 unsorted osteoblasts and 1.2 ϫ 10 4 or 6 ϫ 10 4 enriched osteoblasts were seeded (seeding numbers adjusted to ensure equal seeding of osteoblasts in unsorted and enriched cultures) per well in 4-well chamber slides (Corning Life Sciences) or 6-well plates (Nunc), respectively. Osteoblasts were differentiated in complete BGJb medium (Invitrogen) with 50 g/ml ascorbic acid (Sigma-Aldrich) and 10 mM ␤-glycerophosphate (Sigma-Aldrich) from day 7 of culture. 
Hprt, hypoxanthine-guanine phosphoribosyl transferase; col1a1, collagen type I; alp, tissue nonspecific alkaline phosphatase; oc, osteocalcin; emr1, f4/80; csf1r, CSF-1R, and tlr4, TLR4. ϩ macrophages were also present in endosteum lining blood vessel channels (C, arrowhead). B and D, The specificity of staining was confirmed using the relevant isotype control Ab in a serial section. Bone matrix is identified as "bone." E-H, More detailed visualization and confirmation of macrophage phenotype was achieved using confocal microscopy of MacGreen endosteal bone surface stained with anti-F4/80 Ab (red) and the nuclear stain DAPI (blue). E, Large eGFP ϩ cells with macrophage morphology were detected on the endosteal surface. F, These eGFP ϩ cells coexpressed F4/80 (example indicated by arrow in both E and F). G, DAPI staining demonstrated that the macrophages were intercalated among other cells on the endosteal surface. H, Transmitted light imaging was used to visualize the bone fragment in E-G. I and J, Epifluorescent microscopy of MacGreen neonatal calvaria. Stellate eGFP ϩ macrophages were distributed throughout the periosteum (I), intercalated among other periosteal cells as indicated by DAPI nuclear staining (J). K and L, Macrophages were identified using immunohistochemical staining in OA human bone sections counterstained with hematoxylin (blue). K, CD68 staining (brown) identified macrophage-like cells both immediately adjacent to bone (arrows and arrowhead) and within the bone microenvironment. L, The specificity of staining was confirmed using the relevant isotype control Ab in a serial section. Original magnifications: ϫ100 (A and B), ϫ63 (E-H), ϫ60 (K and L), and ϫ40 (C, D, I, and J).
RNA isolation and quantitative real time RT-PCR
Total RNA was isolated, reverse transcribed, and analyzed using quantitative real time RT-PCR as previously described (15) . The sequences of primers used are described in Table I .
Flow cytometric analysis
Calvarial osteoblast cells (5 ϫ 10 5 ) were blocked in 0.5% FBS/PBS before incubation with either FITC-or PE-conjugated anti-F4/80 Ab (AbD Serotec) or relevant isotype rat IgG2b (AbD Serotec). Cells were then fixed with 4% PFA and examined by flow cytometry on a BD LSR II Analyzer (BD Biosciences). Data was analyzed using the Weasel software (Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia).
LPS stimulation of calvarial osteoblast cultures
Unsorted and enriched calvarial osteoblasts grown on chamber slides were stimulated with 100 ng/ml LPS (Salmonella minnesota; Sigma-Aldrich) for 2 h at days 14 and 21 of differentiation culture. Culture medium was collected from LPS-treated explant cultures and calvarial osteoblast cultures (at days 14 and 21). Secreted TNF protein was detected using a BD Pharmingen OptEIA mouse TNF ELISA kit II according to the manufacturer's instructions.
Coculture of enriched osteoblasts with macrophages
BMMs were differentiated from C57BL/6 bone marrow progenitors as previously described (15) . Enriched calvarial osteoblasts (1.2 ϫ 10 4 ) were cocultured with macrophages (1.8 ϫ 10 3 ; bone macrophages or BMMs) using 24-Transwell plates with 0.4-m pore size (Corning Life Sciences). Osteoblasts were seeded on the bottom of the wells and macrophages were seeded on the inserts. Cells were cultured in complete MEM with 14 mM CaCl 2 or 1 M HEPES vehicle control (Thermo Electron) for 14 days.
Assessment of osteoblast mineralization by von Kossa staining
Cells were fixed with 4% PFA. For von Kossa staining, cells were stained with 1% silver nitrate (Sigma-Aldrich) while exposed to UV light and then incubated with 5% sodium thiosulfate (AJAX Finechem). Chamber slide wells from standard osteoblast differentiation assays were photographed using a transmitted light microscope (BX-51) with a DP-70 digital camera and DP controller imaging software (Olympus). Twenty-four-well plates from extracellular calcium stimulated coculture assays were imaged using a BD Biosciences Pathway Bioimager. The area of mineralization (black precipitate) in each well was quantified using NIH ImageJ software and is represented as the percentage of total area analyzed. 
Adapted histomorphometry
The F4/80 ϩ cell canopy structure was quantified by adapting standard histomorphometry. Analysis was performed in 5-m sections of long bones from 4-wk-old animals (n ϭ 7) stained for F4/80 expression. Three independent measurements were performed in each sample at least 50 m apart. Serial images were collected of the endosteal bone surface extending from the base of the metaphyseal growth plate and through the diaphyseal zone and tiled together (average of 47 mm of bone surface analyzed per sample). The identity of mature osteoblasts was confirmed in serial sections stained with anti-collagen type I and anti-osteocalcin Abs. Total osteoblast bone surface (ObS; average of 63 Ϯ 5.7%) and the amount of ObS covered by F4/80 ϩ OsteoMac canopy were determined using ImageJ software.
Depletion of macrophages using the MAFIA-transgenic mouse model
Macrophages were depleted using an 8-day i.v. injection regimen of either 10 mg/kg AP20187 (n ϭ 7, generous gift from ARIAD Pharmaceuticals) or vehicle control (n ϭ 7) in 8-wk-old MAFIA-transgenic mice, as previously described (16) . Hind limb bones were harvested, processed for paraffin embedding, stained for collagen type I or F4/80 expression using immunohistochemistry, and analyzed by adapted histomorphometry, as described above, but at only one section depth. Bone marrow was also collected from the contralateral limb of all animals at the time of tissue harvest. Flow cytometric analysis on individual bone marrow cell suspension, performed as described above was used to confirm F4/80 ϩ macrophage depletion in bone marrow.
Statistical analysis
Statistically significant differences were determined using one-way ANOVA, paired t test, or unpaired t test with two-tailed distributions where appropriate using PRISM 4 (GraphPad software). A value of p Ͻ 0.05 was deemed statistically significant. In all cases, data are represented as mean Ϯ SEM.
Results
Macrophages are intercalated throughout osteal tissues
Bone is lined by specialized osteal tissues: the periosteum on the outer surface and the endosteum on the internal surface in direct contact with the marrow (17) . Endosteum, in its resting state, is one to two cells thick and predominantly consists of "bone lining" cells that are thought to be immature/quiescent osteoblasts. The periosteum is relatively more complex and, in addition to bone lining cells, includes a capsule layer, blood vessels, and nerves. Cells within the endosteum and periosteum are responsible for maintaining/regulating bone integrity, growth, and mineral homeostasis (17) . Immunohistochemical staining for F4/80 protein expression in sagittal sections of murine long bone demonstrated the presence of numerous F4/80 ϩ mature tissue macrophages distributed throughout cortical endosteal (Fig. 1A, arrows) and periosteal tissues (Fig. 1C, arrows) , as well as bone lining tissues of trabecular bone (data not shown). F4/80 ϩ macrophages were also commonly observed in the perivascular region of blood vessel channels within bone (Fig. 1C, arrowhead) . Confocal microscopy assessment of bone surfaces collected from MacGreen mice (in which the csf1r promoter drives the expression of the enhanced GFP (eGFP), resulting in eGFP ϩ macrophages and other myeloid cells (14) ), showed coexpression of eGFP and the F4/80 Ag within the endosteum (Fig. 1, E and F, arrows) , verifying the presence of mature macrophages within this tissue. Nuclear staining with 4Ј,6-diamidino-2-phenylindole (DAPI) demonstrated that the macrophages are intercalated among other bone lining cells (Fig. 1G) . Confocal z-stack scanning analysis confirmed that the eGFP ϩ cells followed the concave contour of the endosteal bone surface (data not shown), supporting that the macrophages are indeed located within the bone lining tissue. Similarly, en face epifluorescent microscopy of neonatal calvaria demonstrated stellate F4/80 ϩ macrophages distributed throughout the periosteum (Fig. 1I) . Again, DAPI nuclear staining indicated that these macrophages are intercalated among other periosteal cells (Fig. 1J) . These observations demonstrate that mature tissue macrophages, which we will refer to as OsteoMacs (in line with the osteoclast and osteoblast nomenclature), reside within and are distributed throughout osteal tissues.
We next investigated whether OsteoMacs were present within human osteal tissue. This was achieved using immunohistochemistry staining for the macrophage marker CD68 (lysosomal-associated transmembrane glycoprotein highly expressed by human tissue macrophages (18)) in human trabecular bone samples from OA patients. CD68
ϩ macrophage-like cells were observed both immediately adjacent to bone (Fig. 1K, arrows and arrowhead) and within the bone microenvironment (Fig. 1K) . These results support that OsteoMacs are an integral component of mouse and human osteal tissues.
Macrophage-restricted genes are expressed in primary osteoblast cultures
Primary osteoblasts have been routinely harvested from neonatal rodent calvaria (8) and differentiated in vitro. Primary mouse calvarial osteoblasts were analyzed for gene expression at three key stages of osteoblast growth: proliferation (day 5), differentiation (day 14), and mineralization (day 21). Well-characterized markers of osteoblast functional differentiation (alkaline phosphatase NM_007431, collagen type I NM_007742.3, and osteocalcin NM_007541.2) were expressed and up-regulated in a temporal order (data not shown), confirming that our culture conditions recapitulate in vitro osteoblast differentiation as reported by others (1) . Initial analysis of these RNA samples by microarray, as part of the Novartis Symatlas project (analyzed a large panel of tissues and cell lineages using the Affymetrix platform, http://symatlas.gnf. org/SymAtlas/, see the D.Hume dataset or Gene Expression Omnibus (GEO) experiment 11339 (http://www.ncbi.nlm.nih.gov/ projects/geo/)) (19) , surprisingly showed that osteoblast cultures expressed many genes that are normally specifically transcribed in macrophages. Notably, osteoclast-associated genes were minimally expressed in these cultures, including tartrate-resistant acid phosphatase (TRAP) and calcitonin receptor (data available at http://symatlas.gnf.org/SymAtlas/and GEO experiment 11339) and TRAP ϩ osteoclasts did not form in these cultures (data not shown). The expression of macrophage genes in primary osteoblast cultures was validated by quantitative RT-PCR for the macrophage-restricted mRNAs csf1r (NM_001037859.2) and emr1 ( f4/80; NM_010130.3) (20) . Both csf1r and emr1 were expressed in primary osteoblast cultures (Fig. 2, A and B) .
These observations suggest that either mature osteoblasts and mature macrophages are more closely related than previously supposed or that the osteoblast cell preparations coisolate a population of macrophages. The presence of mature macrophages in primary osteoblast cultures was assessed using immunocytochemistry and flow cytometric analysis. F4/80 ϩ mature macrophages were present throughout the osteoblast differentiation time course (Fig.  2C ) in conditions where no exogenous CSF-1 (a required macrophage survival factor in vitro) was added. Osteoblasts are known to make CSF-1 to regulate osteoclastogenesis (21); therefore, the primary osteoblasts within these cultures likely produce sufficient CSF-1 to sustain the growth and proliferation of macrophages. Indeed, CSF-1 mRNA is abundant in our calvarial osteoblast cultures (http://symatlas.gnf.org/SymAtlas/and GEO experiment 11339). The number of F4/80 ϩ macrophages in the osteoblast cultures increased over the time course (Fig. 2C ) and F4/80 ϩ cells with morphological features of mitosis were detected (Fig. 2D,  arrows) , suggesting that macrophage proliferation occurred under these conditions. The expansion of these coisolated macrophages is further supported by the significant increase in gene expression of macrophage markers csf1r and emr1 over the time course (Fig.  2, A and B) . The presence of F4/80 ϩ mature macrophages within the calvarial cultures could be due to either coisolation of a population of tissue macrophages or macrophage differentiation from coisolated myeloid precursors (13) . To distinguish between these two possibilities, we assessed whether F4/80 ϩ mature tissue macrophages were present within the freshly isolated calvarial cells via flow cytometric analysis. As shown in Fig. 2F, 15 and released simultaneously. This result also indicated that OsteoMacs constitute approximately one-sixth of the total cells within calvarial osteal tissues.
Enrichment of primary osteoblasts
The persistence of mature macrophages in primary osteoblast cultures implies that some cellular functions that have been ascribed to osteoblasts using these preparations as a model system may actually be mediated by the coisolated macrophages or require macrophage-osteoblast interaction. To address this possibility, we developed a procedure to enrich primary osteoblasts, as outlined in Materials and Methods. Flow cytometric analysis demonstrated effective removal of F4/80 ϩ macrophages in the enriched osteoblast population (Fig. 3, A and B) . The removal of F4/80 ϩ macrophages and their ongoing absence in standard 21-day osteoblast differentiation experiments was also confirmed using immunocytochemistry (Fig. 3, C and D) . Furthermore, emr1 mRNA expression was either undetectable or minimal throughout the time course (Fig. 3E ). These results demonstrate successful depletion of macrophages from primary calvarial osteoblast cultures.
Macrophages are the LPS-responsive cell within primary osteoblast cultures
Previously, primary calvarial osteoblast preparations have been shown to respond to LPS and express the LPS receptor TLR4 (tlr4; NM_021297.2) (12). LPS is a major immunostimulatory component of the cell wall of Gram-negative bacteria and potently activates macrophages (22) . We examined whether macrophages contribute to the previously reported ability of primary osteoblast cultures to respond to LPS (12) . Unsorted and enriched day 14-and day 21-calvarial osteoblast cultures were stimulated with LPS. LPS induction of the proinflammatory cytokine TNF was quantified using ELISA and significant levels of TNF were produced by unsorted osteoblasts at days 14 and 21 (Fig. 4A) . By contrast, TNF production by enriched osteoblasts was minimal, indicating that depletion of macrophages eliminated the LPS responsiveness of these cultures (Fig. 4A) . Mature macrophages were also observed in bone explant cultures (data not shown), another common means of obtaining human and rodent primary osteoblasts (23, 24) . Immunocytochemical analysis was used to locate TNF and showed that 
F4/80
ϩ mature macrophages are the cellular source of TNF within these cultures (data not shown).
We also examined the expression of the receptor complex responsible for LPS recognition (the LPS receptor tlr4 (25) , the accessory molecule md-2 (NM_016923.1) (26) , and coreceptor cd14 (NM_009841.3) (27)) in unsorted and enriched osteoblast populations. Quantitative real-time RT-PCR demonstrated similar expression levels of tlr4 (Fig. 4B) and md-2 (Fig. 4C ) in both unsorted and enriched osteoblasts. However, in keeping with its known myeloid-restricted expression (27) , the expression level of cd14 was greatly reduced in the enriched osteoblast population (Fig. 4D) . This observation supports that it is the macrophages within the unsorted cells that are the primary source of cd14 expression. Hence, primary osteoblasts do not express all of the receptor components required for responding to pathophysiological levels of LPS.
Macrophage depletion impairs osteoblast differentiation and mineralization
To investigate possible codependence between macrophages and osteoblasts, we quantitated expression of osteoblast markers in unsorted and enriched calvarial preparations throughout a standard differentiation time course. There was no difference in expression of the early osteoblast differentiation marker genes col1a1 (Fig.  5A) or alp (Fig. 5B) across the time course. However, expression of the mineralization marker oc in day 14-and day 21-enriched osteoblasts was significantly lower than that in unsorted cells (Fig.  5C ), suggesting that macrophages contribute specifically to osteoblast maturation and mineralization rather than proliferation and differentiation.
To confirm this putative role, we compared osteoblast mineralization in the unsorted and enriched osteoblast cultures. Cell seeding was adjusted so that an equivalent number of osteoblasts was plated in both unsorted and enriched populations. Unsorted and enriched osteoblasts were subjected to standard differentiation conditions and the amount of mineralization was compared between the two populations by von Kossa staining at day 21. Osteoblast enrichment resulted in reduced mineralization (Fig. 5E ) compared with the unsorted osteoblasts (Fig. 5D ). This decrease in mineralization was significant, as determined by quantitation of the area of mineral deposition (Fig. 5F ). The observations confirm that macrophage removal impairs osteoblast mineralization in vitro.
Macrophages are required for osteoblast mineralization in response to elevated extracellular calcium
Extracellular calcium is known to be an important physiological stimulus of bone formation (28) and high extracellular calcium concentrations are a characteristic feature of the bone microenvironment (29) . The apparent macrophage contribution to osteoblast mineralization in vitro (Fig. 5) prompted us to investigate more specifically whether macrophages are essential for optimal osteoblast function in response to the physiological stimulus of extracellular calcium. Enriched osteoblasts were cocultured with either bone macrophages or BMMs in 14 mM extracellular calcium for 14 days. Von Kossa staining showed that minimal mineralization occurred in the absence of extracellular calcium in any of the cell combinations (Fig. 6) . Minimal mineralization also occurred in enriched osteoblasts cultured without macrophages (Fig. 6A) . In contrast, extensive mineralization occurred when enriched osteoblasts were cocultured with macrophages (either bone macrophages or BMMs) in the presence of extracellular calcium (Fig.  6A) . Quantitation of the mineralized area confirmed a significant 23-fold increase in mineral deposition when macrophages were present (Fig. 6B) .
OsteoMacs are associated with sites of bone modeling in vivo
If OsteoMacs control bone formation in vivo, we would expect them to be associated with bone forming and mineralizing osteoblasts in situ. Sites of osteoblast-mediated bone modeling can be readily identified by the presence of mature cuboidal osteoblasts lining bone surfaces and verified by demonstrating that these osteoblasts express the bone matrix protein type I collagen (30) and the mineralization marker osteocalcin (31) . Immunohistochemical staining for F4/80 in sagittal long bone sections from 4-wk-old rapidly growing mice showed that F4/80 ϩ OsteoMacs formed a distinctive canopy-like structure over cuboidal osteoblast-like cells on bone surfaces (Fig. 7A ). This cellular distribution was more striking on the endosteal surface (Fig. 7A ) but was also observed in periosteum (data not shown). This most likely reflects difficulty in visualizing the more complex three-dimensional structure of the periosteum in a two-dimensional section. We observed F4/80 ϩ cell processes forming contacts with the underlying osteoblast-like cell layer (Fig. 7, A and B, arrows) . Staining for F4/80 and osteoblast markers in serial sections demonstrated that the F4/80 ϩ OsteoMacs (Fig. 7B ) juxtaposed cuboidal osteocalcin ϩ (Fig. 7C ) and collagen type I ϩ (Fig. 7D ) mature osteoblasts. Using adapted histomorphometic analysis, we determined that 77 Ϯ 2.1% (n ϭ 7) of FIGURE 6. Macrophages promote osteoblast (OB) mineralization in response to extracellular calcium in vitro. Enriched calvarial osteoblasts were cocultured with bone macrophages (bone Mac) or BMMs in the presence of 14 mM extracellular calcium for 14 days. A, Osteoblast mineralization was determined by von Kossa staining. B, Area of mineralization was quantified using ImageJ software. Data are mean Ϯ SEM of three replicas within one experiment. Data are representative of three independent experiments. Statistically significant differences were calculated using paired t tests between treatments ‫,ء(‬ p Ͻ 0.05) and one-way ANOVA between cell types (##, p Ͻ 0.01).
FIGURE 7.
OsteoMacs form a canopy structure over mature osteoblasts at sites of bone formation. A-E, Immunohistochemical staining for F4/80 and mature osteoblast markers at sites of endosteal bone apposition in 4-wk-old murine long bone in the diaphyseal region. All sections were counterstained with hematoxylin. A, Tiled image generated from three overlapping digital micrographs of F4/80 staining (brown). The image illustrates the presence of a F4/80 ϩ OsteoMac canopy structure over cuboidal mature osteoblast-like cells on opposing endosteal surfaces. B-E, Serial sections of the same anatomical region: B, F4/80 staining demonstrating the F4/80 ϩ OsteoMac canopy structure over cuboidal mature osteoblasts expressing osteocalcin (C, brown) and collagen type I (D, brown). E, An isotype control Ab for anti-osteocalcin and anti-collagen type I Abs confirmed specificity of staining. Images are representative of seven mice. F and G, Immunohistochemistry for the macrophage marker CD68 in OA human bone tissue. F, Staining for CD68 (brown) demonstrated the presence of a CD68 ϩ canopy-like cell structure in the bone microenvironment. Basophilic collagen lines (arrow, stained deeper blue with hematoxylin) were evident within the underlying bone, suggesting recent bone formation. G, The specificity of staining was confirmed using the relevant isotype control Ab in a serial section. Original magnifications: ϫ60 (A) and ϫ100 (B-G).
the endosteal mature osteoblast surface (ObS) in the diaphyseal cortical modeling zone of young mice was covered by the F4/80 ϩ OsteoMac canopy. This anatomical distribution was also present at modeling surfaces in older mice (10 wk and 6 mo). Trabecular bone sections from human OA bone stained for the macrophage marker CD68 identified OsteoMacs associated with areas of recent bone formation (Fig. 7F) . The close proximity between OsteoMacs and osteoblasts in situ and their assembly into an organized structure suggest that OsteoMacs participate in osteoblast-mediated bone formation in vivo.
The role of macrophages in maintenance of mature osteoblast bone modeling surface in vivo
To more directly assess the importance of OsteoMacs in osteoblast function in vivo, we used the MAFIA mouse model, in which the csf1r promoter directs expression of a ligand-inducible Fas-based suicide receptor to cells of the mononuclear phagocyte lineage (16) . Flow cytometric analysis of bone marrow collected from the contralateral limb of each animal at the time of harvest confirmed that F4/80 ϩ macrophage depletion was achieved in all animals, with an average reduction of 52.4% in ligand-treated mice compared with control mice. Representative images of F4/80 ϩ macrophage depletion in the bone marrow are shown in Fig. 8, A and B. Maintenance of the osteoblast surface was examined on endosteal bone surfaces in a region of bone modeling, which was confirmed by the presence of mature osteoblasts (Fig. 8C) , F4/80 ϩ OsteoMac canopy (Fig. 8A) , and an absence of TRAP ϩ osteoclasts within the immediate environment (data not shown). Adapted histomorphometric analysis on seven vehicle-treated and seven ligand-treated MAFIA mice showed that vehicle-treated animals had 68.8 Ϯ 3.4% osteoblast bone surface and that 64.5 Ϯ 6.7% of this was covered by an OsteoMac canopy. By contrast, the ligandtreated mice had 0% osteoblast bone surface and subsequently no OsteoMac canopy. Representative images are shown in Fig. 8, B and D. This observation supports that disruption of OsteoMac number and distribution has a rapid and detrimental effect on the maintenance of osteoblast bone modeling surface.
Discussion
The relatively new concept of osteoimmunology describes the complex regulatory interactions between bone and immune cells (32) . The intimate relationship between these two systems has been primarily demonstrated in pathological conditions. Macrophages were recognized during fracture repair (33), arteriole calcification (34) , and at sites of osteophyte formation in OA animal models (35) . Additionally, macrophages were found at sites of pathological bone destruction (36) and contributed to systemic mechanisms in an animal model of osteoporosis (37) . We have previously reported the presence of mature tissue macrophages closely associated with bone (6) . It is also known that macrophages can express and secrete osteoactive cytokines (35) , matrix metalloproteinases (36) , and bone morphogenetic proteins (35) .
In the current study, we confirmed that macrophages are an integral component of mouse and human osteal tissues in vivo and that they represent a discreet resident macrophage population that we have termed OsteoMacs. This observation is surprising but not entirely unexpected, since macrophages are a resident population in most body tissues (3). We also demonstrated that F4/80 ϩ mature tissue macrophages are a significant component of primary osteoblast cultures generated by both calvarial digestion and bone explant methods. Their maintenance and proliferation within these cultures was likely sustained by osteoblast production of CSF-1, as supported by our microarray data (http://symatlas.gnf.org/SymAtlas/and GEO experiment 11339) and extensive literature including Mundy et al. (21) . Given that other resident macrophage populations have important tissue-specific functions (4), we investigated the potential bone-specific functions of OsteoMacs in the osteal microenvironment. We first determined whether immune-related functions that were attributed to osteoblasts using primary cultures as the model system (11, 12) may in fact be mediated by the coisolated macrophages and provided evidence supporting that this is the case for LPS responsiveness. Osteoblast cell lines have been reported to be LPS responsive but the concentration of LPS used was very high (12) . Indeed, our microarray and quantitative real-time PCR data showed that osteoblasts do express both tlr4 and md-2. However, they expressed minimal levels of cd14, a coreceptor that increases cellular sensitivity to LPS and is required for responding to pathophysiological concentrations of LPS (27) . The cd14 expression in the enriched osteoblasts could also be attributed to the small residual population of emr1-expressing macrophages at day 21. High expression of TLR4 and MD-2 by osteoblasts does raise the possibility that there is an alternative endogenous TLR4 ligand. The expression of TLR4 and MD-2 on osteoblasts would enable these cells to respond to high doses of LPS in vitro. However, it is unlikely that osteoblasts can respond to doses of LPS that would be encountered in vivo. Our current observations indicate that OsteoMacs are the in vivo LPS-responsive cell within osteal tissues. It is clear that osteoblast functional abilities inferred solely from primary osteoblast preparations need to be reassessed to determine whether macrophages significantly contributed to the experimental findings.
To determine whether OsteoMacs can regulate osteoblast function, we compared osteoblast gene expression and function between unsorted (macrophage-containing) and enriched (macrophage-depleted) primary osteoblast populations in standard in vitro differentiation assays that use ␤-glycerol phosphate plus ascorbic acid to induce osteoblast differentiation and function. We observed no significant differences in the expression of early differentiation markers, indicating that macrophages are not required for early osteoblast differentiation. In contrast, oc mRNA expression and overall mineralization was significantly reduced in enriched osteoblasts when compared with unsorted cells, demonstrating a failure in terminal osteoblast maturation in the absence of macrophages.
Bone remodeling is a highly orchestrated multicellular process that requires the sequential and balanced events of osteoclast-mediated bone resorption and osteoblast-mediated bone formation (38) . The spatial and temporal relationships between these cells are maintained throughout the remodeling process (39) . A canopy structure over sites of bone remodeling was previously reported in human tissue (40, 41) . These canopy cells, proposed to be bone lining cells (41) or preosteoblasts (40) , were postulated to create an enclosed compartment for local communication and coordination during this complex physiological process (39) . In contrast to bone remodeling, bone modeling is an anabolic process that does not comprise the tight coupling of bone resorption to bone formation (17) . We report for the first time that a distinctive canopy structure primarily consisting of OsteoMacs is formed over bone-forming osteoblasts at sites of bone modeling. The relative absence of TRAP ϩ multinuclear osteoclasts within the immediate environment confirmed that the process being examined here was a bone-modeling event, not remodeling, and therefore is independent of osteoclast function. The bone-modeling canopy cell identity and functional importance was strongly supported by the impact of partial macrophage depletion in the MAFIA mouse on the macrophage canopy architecture, osteoblast bone surface, and endosteal niche. Given the close relationship between macrophages and osteoclasts, OsteoMacs within the canopy at sites of bone modeling may simulate the coupling process that is proposed to occur between osteoclasts and osteoblasts in bone remodeling (38) .
We next demonstrated that macrophages are essential for osteoblast mineralization in response to the physiological proanabolic stimulus of elevated extracellular calcium (28) . We demonstrated that both OsteoMacs and BMM were able to promote osteoblast mineralization in response to this stimulus. This suggests that exposure of in vitro-generated macrophages to the appropriate environmental conditions results in their adaptation to an OsteoMaclike phenotype. Given that a salient feature of macrophages is their ability to rapidly adapt and respond to environment cues, this is not an unexpected outcome (3, 4) . Macrophage enhancement of vascular calcification in vitro has been previously reported (42) , providing some precedence for macrophage direction of mineral deposition. Macrophages have also been shown by others to produce osteoinductive factors such as TGF-␤ (43), osteopontin (44), 1,25-dihydroxyvitamin D 3 (45) , and bone morphogenetic protein 2 (46) under various conditions. The overall regulatory effect of macrophages on osteoblast function is likely to be mediated by a combination of factors. Given that osteoblasts also express the calcium-sensing receptor CaR (47) , it is possible that bidirectional cellular communication between macrophages and osteoblasts drives mineralization. The results generated using the two osteoblast differentiation culture systems here are consistent with the concept that macrophages participate in osteoblast mineralization, but that the degree of contribution in vitro spans from enhancement (␤-glycerol phosphate plus ascorbic acid) to required (elevated extracellular calcium), depending on the stimulus encountered.
An obvious line of inquiry that we are actively investigating is whether the OsteoMac population is capable of participating in osteoclastogenesis, either directly or indirectly. As both macrophages and osteoclasts develop from hematopoietic precursors along the myeloid lineage (48) and some macrophage populations can differentiate into osteoclasts in vitro (49), one candidate functional role for OsteoMacs is as an immediate in vivo osteoclast precursor. It must be emphasized that, although the two cell populations are related by their shared precursors and CSF-1 dependence, the OsteoMacs are not osteoclasts, as the F4/80 Ag is completely absent from osteoclasts (5) . A more likely scenario is that OsteoMacs activated by proinflammatory stimuli including LPS (as in Fig. 4A ) produce pro-osteoclastogenic cytokines such as TNF (50, 51) , IL-6 (52, 53), and IL-1 (50, 54) and could potentially promote osteoclast differentiation and/or function. As such, OsteoMacs may provide a candidate cellular mechanism to explain why chronic inflammation (55) and systemic infection (56) often result in osteopenia/osteoporosis. Based upon their apposition to bone surfaces and their well-known ability to detect dying cells (57) , OsteoMacs are also the most obvious candidates to detect and respond to bone damage (e.g., apoptotic death of osteoblasts and osteocytes), a critical event in initiation of bone remodeling and osteoclast recruitment (58) .
The trophic roles of tissue macrophages are being appreciated in many other organ systems (7) . For example, resident and recruited macrophages have been shown to control survival, degeneration, and replacement of olfactory sensory neurons, another system in which turnover is highly regulated (59) . Our data show that OsteoMacs, like macrophages in many other organs (4) , occupy a precise anatomical niche and that they are integral to maintenance of osteal tissue homeostasis. Because macrophages have evolved to detect and respond to subtle changes in their local environment (4), we propose that OsteoMacs serve as sentinel cells in osteal tissues and in response to unique local stimuli, regulate osteoblast function, and subsequently bone dynamics.
